T he urokinase-type plasminogen activator (uPA) and its receptor (uPAR) form a system that plays an important role in angiogenesis. 1 In particular, there are indications that uPAR is implicated in the first phases of VEGF-initiated angiogenesis by triggering extracellular matrix degradation and driving endothelial cell migration. 2, 3 In addition, uPAR may also drive angiogenesis in a protease-independent manner. 4 Among diseases involving pathologic neovascularization, proliferative retinopathies including retinopathy of prematurity (ROP), diabetic retinopathy (DR), and age-related macular degeneration (AMD) are of particular importance. Treatment for ROP is typically laser ablation of the peripheral retina although anti-VEGF drugs may also be used. In this respect, the larger concerns are related to whether the anti-VEGF compounds act systemically 5 and are damaging to the immature retina. 6 Treatment for DR and AMD is based on anti-VEGF therapies, which may pose several concerns. In particular, they require intravitreal injections at a relatively high frequency, which may lead to adverse side effects such as ocular inflammation and endophthalmitis. In addition, anti-VEGF therapies show a loss of efficacy as the disease progresses, leaving patients at late retinopathy stages with limited treatment options. 7 In search for novel therapies against pathologic angiogenesis, peptide analogues targeting uPAR have been developed. Indeed, uPAR is an important component of the angiogenic response in the retina. In fact, uPAR expression is upregulated in concomitance with neovascular pathology in the mouse retina in which uPAR is localized to endothelial cells lining the superficial vessels and the new capillaries extending into the vitreous cavity. 8 In the bovine retina, uPAR is expressed by endothelial cells, 9 whereas in the human retina, uPAR is expressed by pigment epithelial cells, which modulates proliferation and invasiveness in response to citokine. 10 In rodent models of neovascular pathologies, uPAR deletion or uPAR blockade withÅ6, a peptide inhibitor, drastically reduces either retinal or choroidal neovascularization and ameliorates blood-retinal barrier (BRB) dysfunction. 8, 11, 12 However, peptide inhibitors of uPAR display some pharmacokinetic drawbacks common to peptides as they are susceptible to proteolytic degradation and are rapidly cleared from the circulation; therefore, new peptide uPAR inhibitors with optimized properties for therapeutic applications have been developed.
Among the series of newly synthesized analogues, the tetrapeptide Ac-L-Arg-Aib-L-Arg-L-Ca(Me)Phe-NH2, named UP-ARANT, displays strong inhibition of endothelial cell migration, long-time resistance to enzymatic digestion, and high stability in blood and plasma. Using angiogenic assays both in vitro and in vivo, Carriero et al. 13 have demonstrated that UPARANT blocks uPAR-dependent cell signaling by interfering with the complex cross talk involving uPAR, formyl peptide receptors (FPRs), and integrins.
Mechanistically, UPARANT inhibits VEGF-driven angiogenesis by preventing FPR activation, thus inhibiting only a part of the VEGF signaling. This suggests a potentially wider, but still target-specific activity for UPARANT. 13 On the other hand, a direct interaction between UPARANT and VEGF cannot be excluded. In this respect, uPAR inhibition or uPAR gene deletion results in decreased VEGF expression in tumor models. [14] [15] [16] Reduced VEGF levels consequent to uPAR deletion appear to depend on reduced activity of hypoxia inducible factor 1 (HIF-1) and signal transduction and activator of transcription 3 (STAT3) in glioma cells. 14 No information is available on the effectiveness of UPARANT in counteracting angiogenesis-driven diseases in the retina.
In the present study, we used a mouse model of oxygeninduced retinopathy (OIR). This model is widely used as a surrogate for investigating the pathogenesis of ROP although its use can be extended to studies of ischemic retinopathies and their related treatments. 17 In OIR mice, the retina is characterized by capillary disappearance from the central area followed by abnormal formation of new blood vessels in the midperipheral region, which results from a drastic upregulation of proangiogenic factors including VEGF. 18 There is also evidence that inflammatory responses to ischemia may play a pivotal role in neovascular pathologies and may contribute to upregulation of proangiogenic factors. 19 In addition, OIR retinas are characterized by BRB dysfunction presumably caused by VEGF upregulation that would act as a permeability factor. 20 Moreover, OIR mice are characterized by profound visual dysfunctions as determined by electroretinogram (ERG), a useful tool to determine receptor/postreceptor function in the retina. [21] [22] [23] [24] Preliminarily, we evaluated the effects of UPARANT on VEGF-induced angiogenesis using retinal fragments in which endothelial sprouts originate from mature and quiescent retinal vessels. 25 Then, we investigated the effectiveness of UPARANT in counteracting retinal pathologic vascularization. In addition, mechanisms underlying antiangiogenic action of UPARANT were also studied by evaluating the effects of UPARANT on HIF-1 and STAT3 activity. Moreover, we assessed the effects of UPARANT on BRB, ERG, retinal cytoarchitecture, and inflammatory markers. Finally, the antiangiogenic effectiveness of UPARANT was assessed in sprouting assays including human umbilical vein endothelial cells (HUVECs) and chick embryo chorioallantoic membrane (CAM) in which sprouting was induced by the vitreous fluid collected from patients with proliferative diabetic retinopathy (PDR). This experimental procedure determines the effectiveness of UPARANT in counteracting angiogenic processes elicited by a milieu that contains high levels of proangiogenic agents [26] [27] [28] and induces retinal endothelial cell proliferation by acting as a human eye-derived proangiogenic factor. [29] [30] [31] [32] 
MATERIALS AND METHODS
UPARANT and fluorescein-labeled UPARANT (FITC-UPARANT) were synthesized as described 13 and provided by V Pavone (University of Naples, Naples, Italy). All reagents used in peptide synthesis were of the purest analytical grade. Medium M199 and fetal calf serum (FCS) were from Gibco Life Technologies (Grand Island, NY, USA). The serum-free endothelial cell basal medium was from Clonetics (Walkersville, MD, USA 
Animals
Procedures involving animals were carried out in agreement with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and in compliance with the Italian guidelines for animal care (DL 116/92) and the European Communities Council Directive (86/609/EEC). Procedures were approved by the Ethical Committee in Animal Experiments of the University of Pisa. Animals were kept in a regulated environment (23 6 18C, 50% 6 5% humidity) with a 12-hour light/dark cycle (lights on at 8 AM) with food and water ad libitum. All efforts were made to reduce both animal suffering and the number of animals used. was performed. The isolated retinas were cut to obtain four equal quadrants, and fragments were embedded in 3D fibrin gel after overnight incubation in serum-free medium. Then, culture medium containing increasing concentrations of UPARANT (1 pM-1 nM) was added on top of the gel in the presence of 75 ngÁmL À1 VEGF and 10 lgÁmL À1 aprotinin. After 7 days, vessel sprouts were counted under a microscope (Axiovert 200M; Carl Zeiss Vision GmbH, München-Hallbergmoos, Germany). After statistical analysis, data from the different experiments were plotted and averaged on the same graph.
Model of Oxygen-Induced Retinopathy
In the model of OIR, litters of mice pups (C57BL/6, n ¼ 92) with their nursing mothers were exposed in an infant incubator to high oxygen concentrations (75% 6 2%) between postnatal day (PD)7 and 12, before returning to room air between PD12 and PD17. 33 Oxygen was checked twice daily with an oxygen analyzer (Pro-Custom Elettronica SRL, Milano, Italy). Individual litters were reared in either oxygen or room air (controls). The pharmacologic treatment was performed in animals anesthetized by intraperitoneal injection of Avertin (1.2% tribromoethanol and 2.4% amylene hydrate in distilled water, 0.02 mLÁg body weight À1 ). The data were collected from both males and females, and the results combined, as there was no apparent sex difference.
Intravitreal Injection of UPARANT
At PD12 and PD15, mice were anesthetized by intraperitoneal injection of avertin and subjected to intravitreal injection of 1 lL UPARANT dissolved in sterile PBS, at 0.0015, 0.015, 0.15, or 1.5 lg lL À1 . Intravitreal injections were performed using a microsyringe (NanoFil syringe; World Precision Instruments, Inc., Sarasota, FL, USA). UPARANT was injected into the left eye, while the right eye was injected with PBS and served as a control. Mice were killed at PD17. For electroretinographic measurements, mice were intravitreally injected with UPAR-ANT or PBS in both eyes.
Immunohistochemistry and Quantitative Analysis
The retinal vasculature was visualized in whole retinas using antibodies directed to CD31, an endothelial cell marker. 34 Immunohistochemistry on retinal whole mounts and quantitative analysis of preretinal neovascular tuft formation, vascular and avascular areas, were performed in line with previous works. [35] [36] [37] [38] Dissected retinas were immersion fixed for 1.5 hours in 4% paraformaldehyde in 0.1 M phosphate buffer (PB) at 48C, transferred to 25% sucrose in 0.1 M PB, and stored at 48C. The retinal whole mounts were freeze thawed and incubated for 72 hours at 48C in the CD31 antibody (1:50 in 0.1 M PB containing 0.5% Triton X-100). The whole mounts were then incubated for 48 hours at 48C with AlexaFluor 488-conjugated secondary antibody (1:200 in 0.1 M PB). Finally, they were rinsed in 0.1 M PB, mounted on gelatin-coated glass slides, and cover slipped with a 0.1-M PB-glycerine mixture. Images of the retinal vasculature were acquired with a microscope equipped with epifluorescence (Eclipse E800; Nikon Corp., Amsterdam, The Netherlands) through a digital photocamera (DS-Fi1c camera; Nikon Corp.). Electronic images were processed using image-editing software (Adobe Photoshop; Adobe Systems, Inc., Mountain View, CA, USA) to create whole retina montages. Subsequent quantification was performed on these montages. For each experimental condition, quantitative data originated from six retinas from six different mice. After statistical analysis, averaged data were plotted on the same graph.
Western Blot Analysis
Retinas (n ¼ 45) were sonicated in 10 mM Tris-HCl (pH 7.6) containing 5 mM EDTA, 3 mM EGTA, 250 mM sucrose, protease, and phosphatase inhibitor cocktails and centrifuged at 22,000g for 30 minutes at 48C. The supernatants were used to detect VEGF, HIF-1a, STAT3, pSTAT3, albumin, Bax, Bcl-2, and cytochrome c. Pellets were resuspended in 20 mM HEPES, pH 7.4, containing 150 mM NaCl, 5 mM EDTA, 3 mM EGTA, 4 mgÁmL À1 n-dodecyl-b-maltoside, protease, and phosphatase inhibitor cocktails, and centrifuged at 22,000g for 30 minutes at 48C. The supernatants were used to detect VEGFR-2, pVEGFR-2, and occludin. Protein concentration was determined using a fluorometer (Qubit; Invitrogen, Carlsbad, CA, USA). Aliquots of each sample containing equal amounts of protein (30 lg) were subjected to SDS-PAGE. We used b-actin as the loading control. The gels were transblotted onto PVDF membrane, and the blots were blocked in 3% skim milk for 1 hour at room temperature. Blots were then incubated overnight at 48C with rabbit polyclonal antibodies directed to VEGF ( The same membrane was reblotted with a mouse monoclonal antibody directed to b-actin (1:10,000). Finally, blots were incubated for 1 hour at room temperature with a mouse antirabbit horseradish peroxidase-labeled secondary antibody (1:5000) or a rabbit anti-mouse horseradish peroxidase-labeled secondary antibody (1:25,000) and developed with the enhanced chemiluminescence reagent. Images were acquired (ChemiDoc XRS þ ; Bio-Rad Laboratories, Inc.), and the optical density (OD) of the bands was evaluated (Image Lab 3.0 software; Bio-Rad Laboratories, Inc.). The data were normalized to the level of b-actin, VEGFR-2, or STAT3, as appropriate. All experiments were run in duplicate. After statistical analysis, data from the different experiments were plotted and averaged on the same graph.
Measurement of Retinal Vascular Leakage
Blood-retinal barrier leakage was evaluated qualitatively using Evans blue dye. The use of this dye in the evaluation of BRB leakage has been observed to pose several problems, 39 although these problems are particularly relevant only for quantitative evaluation of BRB leakage. 40 After the mice were deeply anesthetized with avertin, Evans blue dye, dissolved in normal saline (30 mgÁmL À1 ), was injected into the left ventricle and allowed to circulate through the body for 5 minutes. After the enucleated eyes were fixed in 4% paraformaldehyde, the retinas were flat mounted and examined with a fluorescence microscope (Eclipse E800; Nikon Corp.), and images were acquired (DS-Fi1c camera; Nikon Corp.). For each experimental condition, six retinas from six different mice were used.
Electroretinography
Retinal function was examined with scotopic full-field ERG recorded from PD17 mice. The electrophysiologic signals were recorded as previously described. 37, 41 Briefly, mice were dark adapted overnight and anesthetized by intraperitoneal injection of avertin. Pupils were dilated with 0.5% atropine. Mixed (rod and cone) responses were evoked by flashes of different light intensities ranging from À3.4 to 1 log cd-s.m À2 generated through a Ganzfeld stimulator (Biomedica Mangoni, Pisa, Italy). The amplitude of the a-wave was measured at a fixed time of 8 ms after stimulus onset to minimize contamination from non-photoreceptoral contributions. 42 The b-wave amplitude was measured from the trough of the a-wave to the peak of the bwave. Of the five oscillatory potentials (OPs) that can generally be isolated from the mouse ERG, only OP2, OP3, and OP4 were analyzed as OP1 and OP5 could not be accurately measured at PD17. 43 For each OP, the trough-to-peak amplitude was measured, and the amplitudes of each wavelet were added to create the sum OPs (SOPs). 44 Mean amplitudes of ERG responses were plotted as a function of increasing light intensities. For each experimental condition, ERG analysis was performed on six mice.
Retinal Sections and TUNEL Staining
Enucleated eyes were immersion fixed for 1.5 hours in 4% paraformaldehyde in 0.1 M PB at 48C, transferred to 25% sucrose in 0.1 M PB, and stored at 48C. Fixed eyes were embedded in Killik medium (Bio Optica Milano, Milan, Italy), frozen at À208C, serially sectioned at 10 lm on a cryostat, mounted on gelatin-coated slides, and stored at À208C. An in situ cell death detection kit (Roche Applied Science) was used to identify apoptotic profiles by TUNEL technique according to the manufacturer's instructions. The slides were coverslipped in a 0.1 M PB-glycerin mixture containing 0.5 lg mL À1 of 4 0 ,6-diamidino-2-phenylindole (DAPI). The retinal layer thickness was evaluated in selected sections. The fluorescent TUNEL staining was used to calculate an index of cell death in the nuclear layers of the retina. Images of both the TUNEL and the DAPI stainings were acquired with a microscope (Eclipse E800; Nikon Corp.) using a digital camera (DS-Fi1c; Nikon Corp.).
Isolation of RNA and cDNA Preparation
Dissected retinas were immediately frozen in liquid nitrogen and stored at À808C until analysis. Total RNA was extracted (RNeasy Mini Kit; Qiagen, Inc.), purified, resuspended in RNase-free water, and quantified using a fluorometer (Invitrogen). First-strand cDNA was generated from 1 lg total RNA (Qiagen, Inc.).
Quantitative RT-PCR
To evaluate gene expression, quantitative real-time RT-PCR (QPCR) experiments were performed on a total of 20 retinas using a kit (Qiagen, Inc.). Quantitative real-time RT-PCR primer sets for inflammatory markers including tumor necrosis factor (TNF)-a, interleukin (IL)-1b, IL-6, inducible nitric oxide synthase (iNOS), intercellular adhesion molecule (ICAM)-1, and glial fibrillary acidic protein (GFAP) were obtained from previously published studies or from PrimerBank, [45] [46] [47] while the primer set for Rpl13a was obtained from RTPrimerDB. 48 Forward and reverse primers were chosen to hybridize to unique regions of the appropriate gene sequence. Their sequences were as follows: TNF-a forward 5
0 , and Rpl13a reverse 5 0 -GCAGGCATGAGGCAAACAGTC-3 0 . Amplification efficiency was close to 100% for each primer pair (Opticon Monitor 3 software; Bio-Rad Laboratories, Inc.). Target genes were run concurrently with Rpl13a, a constitutively expressed gene encoding a ribosomal protein that is a component of the 60S subunit 49 ; Rpl13a is a stable housekeeping gene in OIR retinas. 37 Samples were compared using the relative threshold cycle (Ct Method). 50 The increase or decrease (3-fold) was determined relative to a control after normalizing to Rpl13a. All reactions were run in triplicate. After statistical analysis, the data from the different experiments were plotted and averaged in the same graph.
Preparation of Human Vitreous Fluid Samples
This study enrolled patients (n ¼ 18) with PDR who underwent a pars plana vitrectomy at the Clinics of Ophthalmology of the University of Brescia, Italy. Collection and analysis of human samples were approved by the internal review board of the Spedali Civili of Brescia and followed the tenets of the Declaration of Helsinki. In some patients, intravitreal injection of bevacizumab or ranibizumab was performed 10 to 15 days prior to vitrectomy. During vitrectomy, samples of vitreous fluid were collected under sterile conditions by suction with a syringe connected to the vitrectomy instruments before starting the infusion of saline solution. Samples were therefore pure and undiluted by any substance. Vitreous fluid samples were stored at À808C. After thawing, samples were clarified by centrifugation. Samples from six different patients were pooled together obtaining three different pools, and angiogenesis assays were performed on pooled material. In vitreous fluid, protein concentration was assessed using a protein assay reagent (Bio-Rad Laboratories, Inc.).
HUVEC Sprouting Assay
Human umbilical vein endothelial cells were isolated from umbilical cords, used at early (I-IV) passages, and grown on plastic surface coated with porcine gelatin in M199 medium supplemented with 20% FCS, endothelial cell growth factor (100 lgÁmL À1 ), and porcine heparin (100 lgÁmL À1 ). Sprouting of HUVEC aggregates embedded in fibrin gel was analyzed as described. 51 Briefly, spheroids were stimulated with 30 ngÁmL À1 VEGF or with PDR vitreous fluid in the presence of increasing concentrations of UPARANT (1 pM-1 nM). After 24 hours, growing cell sprouts were counted using a microscope (Carl Zeiss Vision GmbH). After statistical analysis, data from the different experiments were plotted and averaged on the same graph.
Chick Embryo CAM Assay
Alginate beads (5 lL) containing 0.1 lg VEGF or PDR vitreous fluid in the presence of increasing amounts of UPARANT (0.01-1 lg) were placed on top of the CAM of fertilized white leghorn chicken eggs (n ¼ 72) at day 11 of incubation. 52 After 3 days, newly formed microvessels converging toward the implant were counted at 35 magnification using a STEMI SR stereomicroscope (Carl Zeiss Vision GmbH). After statistical analysis, data from the different experiments were plotted and averaged on the same graph.
FITC-UPARANT Binding Assay
To assess whether PDR vitreous fluid may interfere with the binding of UPARANT to HUVECs and its consequent internalization, cells were incubated at 378C with 0.15 mM FITC-UPARANT in the absence or in the presence of a 10-fold molar excess of unlabeled UPARANT or with PDR vitreous fluid. After 60 minutes, cells were extensively washed with PBS, nuclear counterstained with DAPI, and photographed using an epifluorescence microscope (Carl Zeiss Vision GmbH).
Data Analysis
All data were analyzed by the Shapiro-Wilk test to verify their normal distribution. Statistical significance was evaluated with commercial software (GraphPad Prism 4; GraphPad Software, San Diego, CA, USA) using one-way ANOVA followed by Newman-Keuls multiple comparison posttest. The results were expressed as mean 6 SEM of the indicated n values. Differences with P < 0.05 were considered significant.
RESULTS

UPARANT Reduces VEGF-Induced Angiogenesis in the EMRA Assay
In preliminary experiments, we used a novel assay recently established by Rezzola et al. 25 in order to test antiangiogenic effectiveness of UPARANT in a retina-related assay. As shown in Figure 1 , UPARANT dose-dependently inhibited VEGF-induced neovascularization. In particular, vessel sprouts were not affected by UPARANT at 0.001 nM, while they were reduced by approximately 60% (P < 0.01), 84% (P < 0.001), and 87% (P < 0.001) by UPARANT at 0.01, 0.1, and 1 nM, respectively.
UPARANT Reduces Retinal Neovascularization, VEGF Levels, and the Expression of Transcription Factors in OIR Mice
We used CD31 immunohistochemistry to evaluate retinal angiogenesis after the administration of increasing doses of UPARANT. Figure 2 is representative of the vascular pattern observed at PD17 in retinas of control mice ( Fig. 2A) and in vehicle-treated retinas of OIR mice (Fig. 2B) in which a large avascular area could be seen in the central zone and an excessive regrowth of abnormal superficial vessels leading to preretinal neovascular tufts was observed in the midperipheral retina. No differences in the extent of the avascular area (red contours) were observed between vehicle-and UPARANT-treated retinas, whereas the area occupied by neovascular tufts (yellow contours) was evidently reduced in a dose-dependent manner (Figs. 2C-F) . The quantitative analysis confirmed that UPARANT did not affect the avascular area (Fig. 2G) , whereas it dose-dependently reduced the area occupied by neovascular tufts (Fig. 2H) . In particular, the neovascular tuft area was not affected by UPARANT at 0.0015 lg lL À1 , while it was reduced by approximately 62% (P < 0.001), 75% (P < 0.001), and 85% (P < 0.0001) by UPARANT at 0.015, 0.15, and 1.5 lg lL À1 , respectively.
As shown in Figures 3A and 3B , UPARANT dose-dependently reduced retinal levels of VEGF. In particular, VEGF levels were not affected by UPARANT at 0.0015 and 0.015 lg lL
À1
, while they were reduced by approximately 49% (P < 0.01) and 63% (P < 0.001) by UPARANT at 0.15 and 1.5 lg lL
, respectively. The effects of UPARANT on the expression and activation of VEGFR-2 were also evaluated since VEGFR-2 is known as the main mediator of VEGF effects in the retina. 53 UPARANT did not affect VEGFR-2 expression (Figs. 3A-C) , while it dose-dependently reduced VEGFR-2 phosphorylation (Figs. 3A-D) . In particular, VEGFR-2 phosphorylation was not affected by UPARANT at 0.0015 lg lL À1 , while it was reduced by approximately 32% (P < 0.01), 52% (P < 0.001), and 78% (P < 0.001) by UPARANT at 0.015, 0.15, and 1.5 lg lL
, respectively. We evaluated whether UPARANT may affect HIF-1a accumulation and STAT3 phosphorylation. As shown in Figure 4 , UPARANT dose-dependently reduced retinal levels of HIF-1a (Fig. 4A) and pSTAT3 (Fig. 4B) . In particular, HIF-1a accumulation and STAT3 phosphorylation were not affected by UPARANT at 0.0015 and 0.015 lg lL À1 . On the contrary, UPARANT at 0.15 and 1.5 lg lL À1 reduced both HIF-1a accumulation (by approximately 50%, P < 0.01 and 82%, P < 0.001, respectively) and STAT3 phosphorylation (by approximately 49%, P < 0.01 and 84%, P < 0.001, respectively).
UPARANT Restores BRB Dysfunction
To investigate the effects of UPARANT on BRB, we measured retinal levels of occludin, a transmembrane component of interendothelial tight junctions that regulates permeability at the BRB 54 and albumin, a marker of vascular leakage. 55 In agreement with previous results, 56 OIR retinas were characterized by profound alterations in occludin and albumin levels. As shown in Figures 5A and 5B, occludin levels were lower than in controls (by approximately 76%, P < 0.001), but albumin levels were higher than in controls (by approximately 188%, P < 0.001). UPARANT at 1.5 lg lL À1 increased occludin while decreased albumin to levels that were not different from those in controls. Blood-retinal barrier integrity was also qualitatively evaluated by Evans blue, a dye which binds to plasma proteins. In vehicle-treated retinas, BRB breakdown was well evident as characterized by the extravasation of Evans blue bound to circulating proteins (Fig. 5C ), whereas BRB breakdown was clearly reduced by UPARANT, as evidenced by the decrease of dye leakage into the retinal parenchyma (Fig. 5D) . 
UPARANT Recovers Dysfunctional ERG
We determined the effects of UPARANT at 1.5 lg lL À1 on ERG responses to light stimulation. Representative mixed a-and bwaves, and OPs recorded from control and OIR mice, vehicle or UPARANT treated, are shown in Figure 6A . In Figures 6B  through 6D , the amplitude of a-and b-waves, as well as SOPs, at light intensity of 1 log cd-s.m À2 is reported. As previously described, 37, 41, 43 OIR mice displayed significantly reduced amplitude of a-and b-waves, and SOPs compared with controls. In mice with OIR, UPARANT significantly increased the amplitude of a-and b-waves, and SOPs with respect to vehicle administration. As shown in Figure 6 , in control mice, neither vehicle nor UPARANT influenced ERG responses.
UPARANT Does Not Affect Retinal Structure
Oxygen-induced retinopathy is characterized by increased levels of apoptosis-related proteins leading to retinal degeneration. 57 We assessed whether increasing concentrations of UPARANT might influence the levels of proapoptotic markers, and we found that Bax/Bcl-2 ratio and cytochrome c were not affected by the drug at any concentration used (Figs. 7A, 7B ), suggesting that UPARANT did not have any toxic effect on retinal cells. In concomitance with upregulation of proapoptotic markers, retinal cell loss was demonstrated by TUNELpositive cells that were abundantly present during the ischemic phase at PD14. This apoptosis led to a significant thinning of inner plexiform and inner nuclear and outer plexiform layers at PD17, 3 days after the apoptosis occurred. 21, 57, 58 As shown by Figures 7C through 7E , some TUNEL-positive cells and reduced retinal thickness could be observed in OIR compared with control retinas. No appreciable differences in TUNEL staining and retinal thickness could be observed between retinas treated with vehicle and retinas treated with UPARANT at 1.5 lg lL À1 (Figs. 7C-F) .
UPARANT Reduces the Expression of Inflammatory Markers
Inflammation is a common feature of diseases associated with retinal neovascularization and BRB dysfunction. 59 Müller cells are Expression of pVEGFR-2 was normalized to the levels of VEGFR-2. UPARANT dose-dependently reduced VEGF levels and VEGFR-2 activation while did not affect VEGFR-2 levels (*P < 0.01 and **P < 0.001 versus vehicle treated; ANOVA). Each column represents the mean 6 SEM of data from five independent samples. dose-dependently reduced the neovascular tuft area (*P < 0.001 and **P < 0.0001 versus vehicle treated; ANOVA). Each column represents the mean 6 SEM of data from six retinas.
the principal glial cells of the retina, and in retinopathies, they become the major producer of inflammatory markers including TNF-a, IL-1b, IL-6, iNOS, ICAM-1, and GFAP. 60 We evaluated the effects of UPARANT at 1.5 lg lL À1 on inflammatory markers by measuring their mRNA levels. As shown in Figure 8 , OIR retinas were characterized by a significant increase in the expression of inflammatory markers. 19 As shown in Figures 8A through 8F , the expression of TNF-a, IL-1b, IL-6, iNOS, ICAM-1, and GFAP mRNAs increased by approximately 256% (P < 0.001), 282% (P < 0.001), 133% (P < 0.01), 150% (P < 0.05), 263% (P < 0.001), and 365% (P < 0.001), respectively. UPARANT reduced levels of TNF-a, IL1b, IL-6, iNOS, ICAM-1, and GFAP mRNAs by approximately 38% (P < 0.01), 48% (P < 0.001), 66% (P < 0.01), 50% (P < 0.05), 41% (P < 0.001), and 83% (P < 0.001), respectively. After UPARANT, the expression of TNF-a, IL-1b, and ICAM-1 mRNAs was higher than in controls by approximately 119% (P < 0.05), 98% (P < 0.05), and 114% (P < 0.001), respectively.
UPARANT Reduces the Angiogenic Activity Induced by the Vitreous Fluid From PDR Patients in Angiogenesis Assays
The evaluation of the angiogenic effects exerted by the vitreous fluid obtained after pars plana vitrectomy may provide a useful tool for a preclinical screening of angiostatic molecules with potential implications for the therapy of PDR. [29] [30] [31] [32] Endothelial sprouts from HUVEC spheroids embedded in 3D fibrin gel and neovessel formation in chick embryo CAM represent wellestablished angiogenesis assays. 61 In both assays, UPARANT induces a significant inhibition of the proangiogenic activity induced by treatment with VEGF ( Supplementary Fig. S1 ). On this basis, preliminary experiments were performed to define the amount of the vitreous fluid that exerts an optimal angiogenic response in HUVEC sprouting assay and chick embryo CAM assay. Given the limited amount of fluid available from each patient, samples obtained from 18 patients were pooled in three groups, each containing the vitreous fluids from six patients. The vitreous fluid (1:4 dilution) provided an angiogenic stimulus similar to that exerted by 30 ng mL À1 VEGF in HUVEC sprouting assay, while 2.0 lL vitreous fluid provided an angiogenic stimulus similar to that exerted by 0.1 lg VEGF in chick embryo CAM assay. Comparable results were obtained with the three distinct pools of vitreous fluid (data not shown). Then, we evaluated whether PDR vitreous fluid might interfere with the binding of UPARANT to endothelial cell surface with consequent UPARANT internalization. Human umbilical vein endothelial cells were incubated with 0.15 mM FITC-UPARANT in the absence or in the presence of the vitreous fluid. As shown in Supplementary Figure S2 , binding and internalization of 0.15 mM FITC-UPARANT were not affected by the vitreous fluid while they were prevented by unlabeled UPARANT at 1.5 mM.
Finally, we evaluated the antiangiogenic potential of UPARANT in the presence of the vitreous fluid. UPARANT counteracted the proangiogenic activity exerted by the vitreous fluid in HUVEC (Fig. 9A ) and chick embryo CAM (Fig. 9B ) sprouting assays. In particular, in HUVEC assay, sprouts were reduced by approximately 36% (P < 0.05), 41% (P < 0.05), 72% (P < 0.001), and 68% (P < 0.001) by UPARANT at 0.001, 0.01, 0.1, and 1 nM, respectively, while in chick embryo CAM assay, the number of vessels was reduced by approximately 24% (P < 0.01), 50% (P < 0.001), and 61% (P < 0.001) by UPARANT at 0.01, 0.1, and 1 lg, respectively. 
DISCUSSION
There is a strong need of new drugs specifically targeting angiogenesis-associated retinal diseases with minimal side effects. The uPA/uPAR system is a promising target for the development of antiangiogenic drugs as in the retina, ischemia/ hypoxia is known to activate this system, which contributes to promoting angiogenesis. 8 In general, compared with anti-VEGF antibodies or VEGF decoy soluble receptors, oligopeptides such as UPARANT show several advantages including higher activity per unit mass, greater stability, reduced interactions with the immune system, and better penetration. 62 The present data demonstrate for the first time that UPARANT is effective against retinal angiogenesis in response to ischemia. The additional fact that UPARANT counteracts the angiogenic potential of PDR vitreous fluid confers an extra value to the potential application of UPARANT. Whether further investigations will clarify the mechanism of action of UPARANT, then this drug may open the field for the development of novel therapeutic approaches to counteract pathologic neovascularization in the retina.
UPARANT Acts at Different Concentrations In Vitro, Ex Vivo, and In Vivo
In the ex vivo murine retinal angiogenesis assay and the HUVEC sprouting assay, UPARANT was used at concentrations ranging from 1 pM to 1 nM in agreement with previous observations on UPARANT capacity to inhibit VEGF-induced angiogenesis in HUVECs. 13 Higher concentrations of UPARANT were used in OIR mice. In fact, UPARANT was injected intravitreally at doses ranging from 0.0015 to 1.5 lg lL À1 that correspond to molar concentrations ranging from 0.45 lM to 0.45 mM when considering a vitreous volume of approximately 5.3 lL. Similarly, UPARANT was delivered onto the chick embryo CAM at doses ranging between 0.01 and 1 lg implant À1 . Differences in terms of the pharmacokinetic profile of the drug may explain its apparent different potency in the in vitro FIGURE 5. UPARANT reduces BRB breakdown. Mice were exposed to room air (control) or to 75% 6 2% oxygen from PD7 to PD12. Oxygeninduced retinopathy mice were intravitreally injected with vehicle (PBS) in the right eye or with 1.5 lg lL À1 UPARANT in the left eye at PD12 and PD15. Retinas were explanted at PD17. (A) Levels of occludin and (B) albumin in control, vehicle-or UPARANT-treated retinas, as evaluated by Western blot and densitometric analysis. The expression of proteins was relative to the loading control b-actin. UPARANT prevented the decrease in occludin and the increase in albumin levels (*P < 0.001 versus control; ANOVA). Each column represents the mean 6 SEM of data from five independent samples. (C, D) Blood-retinal vascular leakage as qualitatively evaluated with the Evans blue method in vehicle-(C) and in UPARANT-(D) treated retinas. Arrows: Vascular leakage. Six mice were used for each experimental condition. Scale bar: 200 lm.
versus the in vivo assays. Indeed, UPARANT added to the medium can interact directly with endothelial cells in culture, whereas its delivery into the posterior eye chamber requires the molecule to diffuse through the vitreous in order to reach the retina. In addition, the half-life in the vitreous is another factor that can determine the efficacy of the drug. In fact, following intraocular injection, the actual vitreal concentration of UPARANT can be substantially lowered by elimination routes through the aqueous humor in the anterior chamber or the BRB in the posterior chamber. 63 There are several reports of drugs tested at higher concentrations when injected into the posterior chamber of the eye than those used in in vitro models-for example, endostatin tested for its antiangiogenic properties at 70 lM when intraocularly injected but at 5 nM in HUVECs. 64 Analogously, higher concentrations of UPARANT are needed to diffuse out the alginate plug and through the embryonic epithelium to interact with mesenchymal CAM vessels. Additionally, differences in timing of the various assays and in the stability of the molecule may affect the potency of UPARANT in the different experimental conditions.
Effects of UPARANT on Retinal Angiogenesis
In agreement with previous results demonstrating antiangiogenic properties of UPARANT, 13 the present results demonstrate that UPARANT is highly effective in inhibiting VEGFdriven angiogenesis by preventing the formation of vessel sprouts in a murine assay of retinal angiogenesis as well as in HUVEC sprouting and chick embryo CAM neovessel growth. This finding provides evidence that VEGF-induced vessel sprouting is dependent on the activation of uPAR. In this line, the activation of the uPA/uPAR system represents an essential regulatory mechanism in endothelial cell migration induced by growth factors, including VEGF. 65 As also shown by the present results, in OIR mice, UPARANT ameliorates retinal angiogenesis by reducing neovascular tuft formation in the midperipheral retina without affecting the central avascular area. This finding demonstrates for the first time that UPARANT is effective in counteracting angiogenesis in an in vivo model and confirms the role of the uPA/uPAR system in regulating retinal neovascularization. 8, 66 FIGURE 6. UPARANT restores ERG responses. Mice were exposed to room air (control) or to 75% 6 2% oxygen from PD7 to PD12 and were intravitreally injected in both eyes with vehicle (PBS) or with 1.5 lg lL À1 UPARANT at PD12 and PD15. Electroretinogram was recorded at PD17. (A) Representative ERG waveforms (top) and OPs (bottom) in control and OIR mice treated with vehicle or UPARANT recorded at light intensity of 1 log cd-s.m À2 . (B-D) a-wave amplitudes (B), b-wave amplitudes (C), and SOPs (D) in control and OIR mice treated with vehicle or UPARANT at light intensity of 1 log cd-s.m À2 . UPARANT restored a-wave, b-wave, and SOPs (*P < 0.01 and **P < 0.001 versus control, §P < 0.05, § §P < 0.01, and § § §P < 0.001 versus vehicle treated; ANOVA). Each column represents the mean 6 SEM of data from six mice for each experimental condition. In line with the present data, inhibition of the uPA/uPAR system reduces choroidal neovascularization in a mouse model of AMD, suggesting that UPARANT may be potentially therapeutic for several types of ocular diseases characterized by pathologic angiogenesis. 12 The finding that UPARANT inhibits the formation of neovascular tufts without affecting the avascular area suggests that the uPA/uPAR system is important for the development of neovascular tufts, having only a minor role, if any, in the revascularization of the central avascular area. In this respect, in OIR retinas, uPAR is upregulated in endothelial cells of the superficial vascular plexus, in particular, in cells lining neovascular tufts. 8 On the other hand, the lack of effects of UPARANT on the avascular area can also be explained by the fact that UPARANT administration begins at PD12 when the avascular area is already formed.
As shown by the present results, UPARANT reduces the levels of VEGF indicating that uPAR activation may regulate VEGF expression and suggesting a causal relationship between the effects of UPARANT on VEGF and the amelioration of pathologic neovascularization. In line with this hypothesis, uPAR inhibition or uPAR gene deletion results in decreased VEGF expression in some tumor models. [14] [15] [16] Consistent with UPARANT-induced downregulation of VEGF, the present findings also demonstrate a reduced activation of VEGFR-2, the receptor that principally mediates the proangiogenic action of VEGF, 53 thus providing the first demonstration that uPAR is coupled to a modulation of the VEGF system in response to ischemic conditions. There are indications that reduced activation of VEGFR-2 is a consequence of VEGF downregulation (e.g., in the rat retina). 67 On the other hand, the possibility that UPARANT affects VEGFR-2 activity independently on its effects on VEGF cannot be excluded since uPAR is known to directly activate VEGFR-2 in either HUVECs or human dermal endothelial cells. 68 The additional fact that UPARANT reduces the expression of HIF1a and pSTAT3, which are two key regulators of VEGF expression, 69, 70 suggests that the drug may act as a modulator of the VEGF/VEGFR-2 axis. UPARANT action described here is consistent with data in glioma cells reporting that uPAR silencing downregulates VEGF expression by reducing the activity of both HIF-1 and STAT3.
14 It has been shown that in FIGURE 8 . UPARANT reduces levels of inflammatory markers. Mice were exposed to room air (control) or to 75% 6 2% oxygen from PD7 to PD12. OIR mice were intravitreally injected with vehicle (PBS) in the right eye or with 1.5 lg lL À1 UPARANT in the left eye at PD12 and PD15. Retinas were explanted at PD17. Levels of mRNA of TNF-a (A), IL-1b (B), IL-6 (C), iNOS (D), ICAM-1 (E), and GFAP (F) were evaluated by QPCR. Data were analyzed by the formula 2 ÀDDCT using Rpl13a as internal standard. UPARANT reduced mRNA levels of inflammatory markers (*P < 0.05, **P < 0.01, and ***P < 0.001 versus control; §P < 0.05, § §P < 0.01, and § § §P < 0.001 versus vehicle treated; ANOVA). Each column represents the mean 6 SEM of data from five independent samples.
UPARANT (E) killed at PD17. Sections were stained by TUNEL (green) and DAPI (blue). Representative images are shown. TUNEL-positive cells are indicated by arrows. UPARANT did not affect the number of TUNEL-positive retinal cells. (F) The thickness of retinal layers was evaluated. UPARANT did not affect retinal thickness (*P < 0.05 and **P < 0.01 versus control; ANOVA). Each column represents the mean 6 SEM of data from five retinas. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer. Scale bar: 50 lm.
several assays, UPARANT counteracts VEGF-induced angiogenesis by preventing the activation of FPRs and integrins. 13 In addition, it has been reported that integrins may activate STAT3 signaling in tumor cells. 71 Although more work remains to be done in order to clarify the mechanism of action of UPARANT, the possibility exists that this drug may modulate the activity of transcription factors by blocking the activation of integrins.
Effects of UPARANT on BRB
We have shown that UPARANT reduces the leakage from vessels as it restores the tight junction protein occludin and decreases albumin extravasation. The fact that UPARANT counteracts BRB breakdown is in line with the finding that upregulation of the uPA/uPAR system is a main cause of vascular leakage as demonstrated in DR. 11, 72, 73 The possibility exists that UPARANT-induced reduction of VEGF levels may be responsible for the amelioration of vascular leakage. In fact, VEGF plays an important role as a permeable factor inducing alterations of tight junction proteins, which result in BRB breakdown. 20 On the other hand, we cannot exclude the possibility that a VEGF-independent mechanism may mediate, at least in part, UPARANT-induced amelioration of BRB breakdown as the uPA/uPAR system has been shown to directly activate proteases that promote BRB breakdown in DR.
11,72
Effects of UPARANT on Visual Function
Pathologic neovascularization, retinal degeneration, and glial activation are the main mechanisms involved in OIR models. 74 Apoptosis plays a pivotal role in retinal degeneration with apoptotic cells mainly located in the inner nuclear layer, 57 although rod dysfunction has been also reported to precede vascular abnormalities and to predict the subsequent alterations of the vascular status. 75 The alterations in retinal structure may result in profound retinal dysfunction, 43 and there is evidence that ameliorating angiogenesis may also be effective in preventing visual loss. 37, 41, 76 However, treatments that counteract pathologic neovascularization may not necessarily prevent retinal dysfunction. 77 As shown by the present results, inhibiting uPAR signaling is effective in recovering dysfunctional ERG without influencing retinal cell apoptosis and the gross morphology of the retina. This finding suggests that ERG recovery from visual loss does not necessarily involve protection from apoptosis. For instance, omega-3 polyunsaturated fatty acids preserve retinal function without exerting cytoprotective effects in the retina of diabetic mice. 21 Additionally, ERG alterations are not necessarily a consequence of retinal cell death, but rather of glial activation and inflammation. For instance, in DR, ERG alterations occur in concomitance with microglial reaction but without neural cell death. 78 In this respect, Müller cells- which are the main source of inflammatory markers in retinopathies 79 -are believed to generate several components of the ERG. 80 The fact that UPARANT restores OIR-induced upregulation of inflammatory markers suggests that its protective effects on retinal function may depend on reducing inflammation. In line with this possibility, inhibition of inflammatory cytokines by anti-inflammatory drugs prevents ERG dysfunction in a model of retinal ischemia. 81 As irreversible visual loss represents one of the most important clinical problems of proliferative retinopathies and its prevention/recovery is limited by the scarce availability of drugs restoring visual function, the fact that UPARANT, possibly as a consequence of vascular rescue and ameliorated inflammation, recovers ERG adds further relevance to its potential application and confirms the close relationship between vascular damages and neural dysfunction in the pathophysiology of proliferative retinopathies. 82 
Effects of UPARANT on Angiogenesis Induced by PDR Vitreous Fluid
The finding that PDR vitreous fluid does not affect the binding of UPARANT to endothelial cell surface and consequent UPARANT internalization indicates that the vitreous fluid does not contain molecules possibly interfering with the binding of UPARANT to uPAR. As also shown by the present results, the vitreous fluid elicits a potent angiogenic response in line with previous findings. [29] [30] [31] [32] Vascular endothelial growth factor is a major stimulator of retinal neovascularization in PDR although other growth factors likely play an important role as well. Therefore, the overall angiogenic potential of the vitreous fluid may represent the result of the synergistic action of various angiogenic factors. In fact, the amount of VEGF (i.e., 30 ng mL À1 in HUVEC sprouting assay and 0.1 lg in chick embryo CAM assay) required to induce an angiogenic response similar to that exerted by the vitreous fluid far exceeds the concentration of VEGF detectable in the vitreous fluid (median VEGF levels equal to 345 pg mL À1 as reported by Watanabe et al. 31 ). In this line, in the rat, intravitreal injection of PDR vitreous fluid determines an increase in BRB leakage, which is higher than that induced by intravitreal injection of VEGF. 83 For this reason, a more complete antiangiogenic effect in retinopathies will likely require the ability to block multiple growth factors. In this respect, the fact that UPARANT is effective in counteracting angiogenic processes elicited by PDR vitreous fluid indicates that UPARANT not only prevents VEGF-induced angiogenesis, but it may also block the angiogenic potential of additional proangiogenic factors contained in the vitreous fluid. Consistently, it has been observed that interfering with the uPA/uPAR system reduces the migratory response of endothelial cells induced not only by VEGF, but also by fibroblast growth factor 2, epidermal growth factor, and hepatocyte growth factor. 65 These preliminary data obtained in angiogenic assays cannot be immediately extrapolated to the in vivo situation. To evaluate the translational impact of the present findings, further studies in animal models will be necessary.
CONCLUSIONS
The search for effective treatments for retinal neovascular disorders remains one of the greatest challenges in ophthalmology. Current anti-VEGF therapies used in the treatment of proliferative ocular diseases may have relatively limited efficacy. In this respect, UPARANT, a stable uPAR inhibitor, may represent a significant step forward in the development of new antiangiogenic strategies. Indeed, the present data show that UPARANT is effective against retinal neovascularization and that suppresses the angiogenic potential of PDR vitreous fluid indicating a potential advantage over classical anti-VEGF drugs. Although extrapolation of these experimental findings to the human situation is difficult, UPARANT has potential as a new therapeutic strategy for proliferative retinopathies.
